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1 Point of Contact Author
Abstract

This report outlines the work completed for a Laboratory Directed Research and
Development project at Sandia National Laboratories from October 2012 through
September 2015. An experimental supercritical carbon dioxide (sCO;) loop was
designed, built, and operated. The experimental work demonstrated that sCO, can be
utilized as the working fluid in an air-cooled, natural circulation configuration to
transfer heat from a source to the ultimate heat sink, which is the surrounding ambient
environment in most cases. The loop was also operated in an induction-heated, water-
cooled configuration that allows for measurements of physical parameters that are
difficult to isolate in the air-cooled configuration. Analysis included the development
of two computational fluid dynamics models. Future work is anticipated to answer
questions that were not covered in this project.
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1 INTRODUCTION

Small modular nuclear reactors (SMRs) have recently received a great deal of attention. Generally, SMRs
are separated into two categories: light water reactor-cooled (LWR) SMRs and SMRs that are designed to
use a coolant other than light water. Another distinction among the various SMR designs can be made
when considering the power conversion technology that is utilized. Currently, most operating nuclear
power plants utilize a traditional steam Rankine power conversion cycle. However, recent advances in
engineering have made alternate power conversion cycles — most notably Brayton cycles — more feasible.
For the purpose of this report, any SMR that utilizes a primary coolant other than light water, or utilizes
any power conversion cycle other than a steam Rankine cycle, will be considered an advanced SMR
(aSMR).

Sandia National Laboratories (SNL) is a recognized leader in supercritical carbon dioxide (sCO,) Brayton
cycle technologies. Therefore, extending this expertise into the realm of dry heat rejection and natural
circulation by utilizing sCO2 is a natural process for SNL. In 2012, SNL commissioned an internal
experimental project on the use of sSCO, as a potential working fluid for natural circulation and dry heat
rejection for aSMRs that utilize a sCO, Brayton cycle for power conversion. This project involved the
design and construction of an experimental loop that would exhibit the ability of sCO, to provide
circulation with no pumps while utilizing air for heat rejection.

1.1 Background

In the United States (US), most operating nuclear power plants (excluding research reactors) are large-
capacity LWRs. As of July, 2015, the Department of Energy’s (DOE) Energy Information
Administration (EIA) lists 99 operating commercial nuclear power plants in the US, with a total power
rating of 103.86 gigawatts-electric (GWe). This gives an average of about 1049 megawatts-electric
(MWe) per reactor. The smallest of these reactors is the reactor at Fort Calhoun Nuclear Generating
Station, with a rating of 502 MWe. The largest is the reactor at Grand Gulf Nuclear Generating Station,
with a rating of 1440 MWe [1]. There are also five nuclear reactors currently under construction in the
US. All of them are pressurized water reactors (PWRs). Four of them (two at Vogtle Electric Generating
Plant and two at Virgil C. Summer Nuclear Generating Station) are rated at 1200 MWe each and the other
(Watts Bar 2) is rated at 1218 MWe [2].

The major driving force behind the interest in SMRs is economic. Estimates suggest construction of a
new LWR of traditional design would represent an investment on the order of $10 Billion. It is difficult
for most utilities to accept incurring this level of financial risk since the failure of such a venture could
potentially spell the end of that utility. Therefore, the prospect of a lower capital cost is appealing to a
utility interested in nuclear power, even if the cost per unit of energy produced projects to be higher than
that of a large, traditional nuclear power plant [3]. This economic driving force has led to a large amount
of interest in SMRs in recent years.

Sandia National Laboratories has been a leader in Brayton cycle research since the early 2000s. In 2007,
SNL began funding an internal Laboratory Directed Research and Development (LDRD) project to build
and operate a SCO, compressor research loop to investigate compressor operation and control just above
the critical point of CO,. The goal of this work was to understand the engineering and operational
requirements of using sCO, as the working fluid in a power conversion cycle. The focus on operation and
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control around the critical point was due to the extreme property changes that occur near the critical point;
these property changes have both a positive effect and a negative effect when a sCO, Brayton cycle is
being considered for power conversion. Near the critical point, CO, has a density that is more than half
that of water. This allows for a very high compressor efficiency, much closer to that of a pump than what
is generally considered for a compressor. However, the density — as well as other thermodynamic
properties, such as specific heat capacity — of CO, can also change drastically with a very small change in
temperature. The drastic changes in fluid properties can potentially lead to concerns related to system
stability, including some issues with thrust bearing longevity in the turbine-alternator-compressor (TAC)
unit [4]. Figure lis a plot of the constant-pressure specific heat (C) capacity near the critical point, plotted
on a logarithmic scale. As can be seen, C, begins changing drastically near the critical temperature (304.1
K). It is sometimes more informative to plot the inverse of this data near the critical point since C,
diverges at the critical point. Figure 2is a plot of inverse specific heat capacity as a function of both
temperature and pressure near the critical point (304.1 K, 7.38 MPa). The ridge in this plot traces the
values of C, at the pseudocritical points and the spikes along this ridge are due to a numerical artifact in
the REFPROP database [5]. The discontinuity at the center of Figure 2 marks the critical point. The data
at lower pressures are from the two-phase region of CO,, while the data at higher pressures are from the
supercritical region.

While sCO, Brayton cycle work has been ongoing at SNL and elsewhere, little attention has been paid to
some of the other benefits of sCO, properties until 2012. In 2012, SNL began funding a LDRD project to
investigate two different cases whereby CO, would be beneficial for aSSMRs. The two cases are:

1. Dry heat rejection of an aSMR using a sSCO, Brayton cycle for power conversion and
2. Use of sCO, in a naturally circulating decay heat removal system for an aSMR.

The project was funded to investigate the properties of SCO, near the critical point and to demonstrate the
feasibility of using sCO, as the working fluid in either of the aforementioned cases. The general process
involved:

Design of the loop,
Procurement of equipment,
Construction of loop,
Shakedown testing of loop,
Design of experiments,
Operation of loop,
Analysis of data, and
Reporting of results.

e S A A

This report outlines these steps and concludes the LDRD project.
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. Plot of CO, Specific Heat Capacity vs. Temperature Near the Critical Point
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Figure 1 Plot of CO, specific heat capacity as a function of temperature near the critical point. The data was taken from
REFPROP version 9.1 [5].

Plot of Inverse of NIST Specific Heat Capacity vs. Temperature and Pressure Near the Critical Point
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Figure 2 Plot of inverse of CO, specific heat capacity as a function of temperature and pressure near the critical point. The
data was taken from REFPROP version 9.1 [5].
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1.2 Scope

1.2.1 SCOZ2 as an Enabling Fluid for Dry Heat Rejection

SMRs continue to be proposed as a means of meeting ever-increasing energy needs throughout the world,
both for electricity production and for thermal energy production. The currently available designs are all
LWRs. These designs all use traditional steam Rankine cycles for power production.

It is likely that the next generation of SMRs will be comprised of breeder reactors. Breeder reactors can
help create a nuclear fuel cycle that allows the extraction of nearly 100% of the energy in natural
uranium, as opposed to the less than 1% that is extracted in current once-through LWR cycles. These
reactors all offer the promise of a high power density in comparison with LWRs and they purport to
operate at much higher temperatures than current LWR technology. The high-temperature heat can be
useful for multiple process applications. The high operating temperature also increases the efficiency of
the power conversion cycle, the most common of which is currently a steam Rankine cycle. Breeder
reactors use a fast neutron spectrum. Since water is a very effective moderator for neutrons, water would
most likely not be used as a coolant in a well-designed breeder reactor. Some likely coolants for these
reactors are: high-temperature gas, some form of liquid metal, or some form of molten salt.

Higher operating temperatures could allow aSMRs to be coupled with a high-temperature Brayton cycle
for power conversion. This could mark a significant advance in the efficiency, sizing, and economics of
nuclear power. A secondary benefit is the ability to utilize air instead of water for ultimate heat rejection.
Water is becoming more and more difficult to obtain for power production purposes, and consequently,
more expensive. Thermoelectric power generation is the single largest user of water withdrawals in the
US; in 2011, this equated to about 196 billion gallons of water per day (~71.5 trillion gallons per year)
and represented about 48.5% of all water withdrawals in the US. Most of this water (~70.4%) is fresh
surface water being withdrawn [6]. Figure 3 is a flow chart of energy and water in the US.

12
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2011 Estimated U.S. Energy-Water Flow Diagram
Energy
(Quads / year)

Transportation
27
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Energy reported in Quads/year. Water reported in Billion Gallons/Day.

Figure 3 Estimated US energy and water flow for 2011. Taken from Bauer, 2014 [6].

Nuclear power is dependent upon water availability, due to its use in moderating and cooling nuclear
reactors. A recent study by the Oak Ridge National Laboratory (ORNL) assessed the siting potential for
nuclear power plants throughout the continental US. One of the major contributing factors was the
availability of water for cooling (Error! Reference source not found.) [7]. As can be seen in the figure,
most of the western portion of the US is excluded from new nuclear power generation; much of this is due
to a lack of water.

One example of this price increase of water can be seen at the Palo Verde Nuclear Generating Station
(PVNGS). PVNGS is owned by multiple entities, including the Arizona Public Service (APS), the Salt
River Project (SRP), the El Paso Electric Company (EPEC), Southern California Edison (SCE), PNM
Resources (PNM), the Southern California Public Power Authority (SCPPA), and the Los Angeles
Department of Water and Power (LADWP). PVNGS is located west of Phoenix, Arizona. It is the only
nuclear generating station in the world that is not located near a large body of water. It instead relies on
reclaimed water from local townships for evaporative cooling of the plant. In 2010, PVNGS renewed an
agreement to purchase water from five cities around the station, but the cost increased sharply from the
previous purchase agreement. Under the current agreement, the cost of water will increase at a rate of
10.5% per year until 2025. From 2026 until 2050, the rates will still increase but will be based on a tiered
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formula, with the cost per unit of water increasing as water usage increases [8]. The contract ends in
2050.

Green: areas of sufficient water

[Mays, 2012]

Pink: areas excluded from nuclear siting

Figure 4 lllustration of areas in continental US where siting of nuclear power is possible. The green areas have sufficient
water, while the pink areas are excluded from nuclear siting [7].

Power generation cooling is almost entirely encompassed by four general types of cooling arrangements
(Error! Reference source not found.) [10]. They are:

1. Once-through Cooling — Water is withdrawn from a river, lake, or other natural water source,
pumped through a condenser to cool/condense the steam exiting the turbine of a power
conversion cycle, then returned to the natural water source. Little to no evaporation takes
place. However, the discharged water has a higher temperature than the withdrawn water,
thus contributing to some environmental effect.

2. Wet Cooling Tower — Wet cooling towers can be divided into two sub-categories:

a. Direct (Open Circuit) Wet Cooling — The water being used to cool the working fluid of
the power conversion unit is passed through a cooling tower, making direct contact with
the air being used to evaporate the cooling water. The water that is lost to evaporation is
replaced with “makeup” water from the natural water source.

b. Indirect (Closed Circuit) Wet Cooling — The water being used to cool the working fluid
of the power conversion unit is in a closed circuit and never makes direct contact with the
air. Instead, water from the natural water source is passed over the outside of the piping
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that is used to recirculate the cooling water. Air is also made to pass over the freshwater
supply, causing it to evaporate, thereby “indirectly” cooling the plant.

3. Dry Cooling Tower — The water being used to cool the working fluid of the power conversion
unit is routed to a header, which then directs the hot fluid into a specially-designed water-to-
air heat exchanger. Either forced or natural draft air is used to cool the water, which is
recirculated to the plant. This type of cooling does not evaporate water, but it does decrease
power conversion efficiency.

4. Hybrid Cooling Tower — A hybrid cooling tower combines both the wet and dry cooling
tower concepts into one device. Typically, the portion of steam that is passed through the dry
cooling circuit decreases as the ambient temperature increases. In this way, an optimum
strategy can be developed that will minimize losses due to the decreased efficiency caused by
dry cooling.

Once-through, wet Wet cooling tower

g5

-
o

==

. Cooling

Legend Tower

Steam from
Power Plant

g St Steam from
el Cold Water inrP_lant

- Hot Water

Cooling’
Coaling System System

Condensate

Freshwater

Condensate o]
upply

Water Source

—_ T

3
H
=)

<

£
=
©

(Forced or natural draft)

e Heated AT T (Forced or natural draft) Steam from
oo Em':l:md Power Plant
WaterVapor -
r - %q Condensate L Clumbmed
eam from Fan Cooling System
power | o l— e — o C=<)
=== Water;Vapor
X |
I
E_ '<Ei )C‘"‘“e”“"el /ﬂ Freshwater Supply Condensate
et
Cooling
Tower
Hybrid cooling tower Dry cooling tower

Figure 5 lllustration of four basic types of cooling options for large-scale power generation [10].

SCO, Brayton cycles offer the potential to greatly reduce the amount of water needed for thermoelectric
power production. Although work has been ongoing in the area of dry heat rejection, much of it has
focused on ultimate heat rejection for steam cycles. Dry heat rejection of a steam cycle implies that the
temperature difference between the steam and the air into which the heat is transferred will decrease as
the air passes through the heat exchanger. This concept is illustrated in Error! Reference source not
found. [10]. As heat transfer is proportional to the temperature difference in the two fluid streams, this
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decrease in temperature difference represents a fundamental physical limit to the efficiency of dry heat
rejection from steam power conversion cycles. Most ongoing research focuses on improving heat
exchanger surface effects and on new heat exchanger materials.
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Figure 6 lllustration of decreasing temperature difference between cooling air and steam for a dry-cooled steam cycle [10].

Prior to the current LDRD project, the use of an alternative working fluid has been relatively unexplored
[11]. A sCO, Brayton cycle does not have the same temperature difference limitation that is inherent in a
steam Rankine cycle. Since the working fluid of a sCO, Brayton cycle is a single-phase fluid above the
critical point, it is feasible that the temperature difference between the heat source and the heat sink can
be made to be nearly constant throughout the heat transfer region. This concept is illustrated in Error!
Reference source not found. [10]. The comparisons made in this figure are based on ambient air
temperature of 40° C, exit temperature of the working fluid of 50° C, a minimum temperature difference
(pinch) of 5° C, and a heat exchanger duty of 20 kW for both types of power conversion cycle. With these
assumptions, the air flow required to cool a steam Rankine power conversion cycle is 17 times that
required to cool a sCO, power conversion cycle. In practice, the operating pressure of the steam cycle
would most likely be raised from 13.0 kPa to 16.5 kPa, thereby raising the temperature of the steam and
decreasing both the air flow required and the efficiency of the power conversion cycle. Even in this case,
the air flow required for the steam cycle would be about six times that required for the Brayton cycle.

16
UNCLASSIFIED UNLIMITED RELEASE



UNCLASSIFIED UNLIMITED RELEASE

324 ¢

Steam-Air Heat Transfer

50C Il, Inlet
322
= 320f AT=5C
00 S-CO,-Air Heat Transfer z AT=10C
£ ey 13.0kPa
«Inlet a
200f £
2 3161
380} i AT=5C
3141 Air flow 170,000kg/hr
op Inlet
- 312
E w°or =0 Inlet
2 55C ’
2 50| 3281
- 28 AT=5C
Hor AT=60C
324t
ol Air flow 10,000kg/hr <
L o322+
£ AT=15C 16.5kPa
=or S s20p
Inlet a
310 : : : : : : : ‘ ! a8 AT=10C
0o 02 04 06 08 1 12 14 18 18 2 .
Heat Exchanger Duty [W] < 10° 216 Air flow 60,000kg/hr
314
Inlet
32 L

L . L L . L L
02 04 08 08 1 12 14 18
Heat Exchanger Duty [W]

Figure 7 Comparison of air flow rate required for sCO2 Brayton and steam Rankine cycles [10].

It is possible that the cost of air cooling can be decreased to the point that it is comparable to that of water
cooling by incorporating sCO, Brayton technology couple with dry heat rejection. If so, this improvement
in technology could have a positive effect on the availability of electricity, especially in arid regions
throughout the world.

Recent studies have suggested that dry cooling of a SCO, power conversion cycle can be comparable to
that of wet cooling for a steam turbine cycle. Error! Reference source not found. illustrates the
estimated number of cooling towers required for a 1333 MWe sCO, cooling plant with dry cooling towers
(50° C ambient air temperature), a 1000 MWe steam turbine plant with dry cooling towers (55° C
ambient air temperature), and a 1100 MWe steam turbine plant with wet cooling towers (35° C cooling
water temperature). As can be seen, the number of cooling towers needed for the sCO, Brayton cycle is
dramatically fewer than that needed for the steam turbine plant with dry cooling. It is, in fact, fewer than
the number of wet cooling towers needed for a steam turbine plant [11].
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Figure 8 Comparison of number of cooling towers needed for various power conversion cycles [11].
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steam turbine plant with wet cooling towers

Adoption of dry cooling towers has been almost nonexistent. As of 2013, only about 1% of power
generating capacity was cooled with dry cooling. This is due mainly to economic reasons. Dry cooling
towers are estimated to be 3-5 times as expensive to build as closed-cycle wet cooling towers and can be
10 times as expensive to operate. The operational costs can come from a gross decrease in plant efficiency
plus the indirect cost of operating the cooling fans if force air is employed. Table 1 presents some
statistics on the use of different cooling configurations and on the relative costs and water usage [12]. In
general, about 90% of all water used at power plants is used for cooling. The other 10% is used for
cleaning, makeup water, and personal use, etc. [13]. As can be seen from the data in Table 1, if dry
cooling could be implemented in even a small fraction of power generating facilities, it could reduce
water usage by more than a 100% reduction in makeup water and other uses at power plants. This alone
could make sCO, Brayton cycles and their associated dry cooling benefits worth the investment in time
and other resources to bring them to market.
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Table 1 Relative use of different cooling technologies and their impacts on water flow [12].

Percent of . Evaporative Loss | Coolant Flow
. Cost Ratio . . . .
. Generating . Ratio Relative to | Ratio Relative to
Cooling System . . Relative to Wet . .
Capacity Using . Wet Cooling Wet Cooling
. Cooling Tower
this Technology Tower Tower
Once-Through 43% 0.4-0.75 ~0.4 ~1.25
Cooling
Closed-Cycle Wet | 42% 1 1 1
Cooling
Dry Cooling 1% 2.5-5 0 0
Hybrid Cooling 2?2 2-4 0.2-0.7 0.25-0.5
Cooling Ponds ~14%" Site Specific Sk ik

1.2.2 SCO: as the Working Fluid in a Natural Circulation Decay Heat Removal System for
Nuclear Power Plants

As the latest technology to be presented for nuclear power, proponents of SMRs often discuss their
inherent safety features. One area of safety that is specific to nuclear power is that of decay heat removal.
Unlike other power generation sources, when a nuclear power plant is shut down, it continues to generate
heat. This heat is called decay heat and is chiefly generated from two sources: beta decay of fission
fragments and gamma decay of fission fragments. The decay heat power level varies with the operational
history of the reactor and decays approximately as:

P.(T)oc(z-T)™. (1)

In proportionality (1), T is the time during which a group of fission events occurred and t is the time at
which one is observing the heat being produced. In order to find the total power level at a given time after
shutdown, this relationship would need to be integrated over the entire power history of the reactor, and
then evaluated at time t. Letting Tq be the time at shutdown and defining t as the time since shutdown, the
decay power level at time t since shutdown can be calculated for a given reactor power history (2).
Calculating the fission rate per MW of power and converting the decay energy produced for each fission
event into the appropriate units, one arrives at the following expression for decay power after shutdown.

P(t) = P, x0.066 x [t ** — (t +T,) *°] 2)

! Tsou, et al, list Cooling Ponds as 14% and do not list statistics for Hybrid Cooling at power generation plants.
2 Cooling ponds store water for use in a Once-Through or Wet Cooling Tower System.

19
UNCLASSIFIED UNLIMITED RELEASE




UNCLASSIFIED UNLIMITED RELEASE

Equation (2) is valid from 10 seconds after shutdown to about 100 days after shutdown, with t measured
in seconds. If one assesses the value of the power at one second after shutdown for a reactor with a
constant power history of PO for one year, the result is about 6.3% of Py,

The total decay energy released grows as approximately t0.8 for the first months after shutdown. This
energy is deposited in the fuel and surrounding structural materials of the reactor if there is no coolant to
remove this heat. Over a period of time, this heat will cause drastic damage to the core, releasing large
amounts of radiation to the environment and causing copious amounts of economic damage in the
process. For this reason, nuclear power plants must have a means of removing this decay heat should an
event occur that causes an unplanned shutdown of the reactor. The decay heat removal system serves this
purpose in reactors.

An ideal nuclear decay heat removal system would have the following characteristics:

100% reliable.

Capable of removing the decay heat at the maximum rate at which it is produced.

Capable of removing all the decay heat that is potentially available to be produced.

Requires no source of power other than the decay heat that is being removed from the reactor.
Requires no human interaction for initiation and/or operation.

Does not drain any power from the reactor when the decay heat system is not in use.
Impervious to malicious attacks.

100% passively safe.

O N GA LR

While it is not likely that any decay heat removal system will meet all of these characteristics, SCO; has
characteristics that indicate it would be an improvement over other decay heat removal working fluids in
some areas. This is particularly true for numbers four and five above. The reason for this is that sSCO, has
properties that make it easy to induce natural circulation in a loop that is designed correctly.

Natural circulation — in an engineered system — is a phenomenon in fluids whereby the fluid can be
induced to flow without use of a pump or compressor to add energy to the fluid. In natural circulation, a
fluid in an enclosed loop is heated at one point and cooled at another point in a configuration that creates
a density difference; this density difference is then utilized to force circulation in the loop by utilizing the
difference in the gravitational forces on the fluid. The driving force is then proportional to the difference
in densities and also proportional to the height difference between the cold portion of the fluid and the hot
portion of the fluid. This is illustrated in Figure 9 [14].

Different fluids have different propensities for initiation of natural circulation. The most important
property for a natural circulation candidate fluid is a large change in density over the temperature range of
interest. Ideally, this change in density will occur over a small temperature difference. The reason for this
is that it is easier to engineer a system over a small temperature range than to engineer a system over a
large temperature range, due to multiple factors, including materials issues and thermal stresses. One
measure of a fluid’s propensity for natural circulation is the Grashof number (Gr). The Grashof number is
a dimensionless number that approximates the ratio of buoyancy to viscous forces in a fluid. For a pipe,
the Grashof number is:
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Figure 9 lllustration of natural circulation configuration [14].

For sCO,, the value of Gr near the critical point indicated that it is more conducive to natural circulation
than water. Table 1 compares the Grashof numbers of water and CO, divided by the cube of the
characteristic length at a bulk temperature of 300 K, a wall temperature of 310 K and pressure of 7.69
MPa. This is very near the critical point of CO,, which occurs at a temperature of 304.1 K and a pressure
of 7.38 MPa [11]. Although the Grashof number is not the only factor to consider when evaluating a fluid
for potential use in a naturally circulating decay heat removal system, the fact that this number is four
orders of magnitude greater than that of water in this regime makes if worth investigating.

The combination of the natural circulation capability of sCO, and the ability to utilize dry heat rejection
for the transfer of heat makes CO, an ideal candidate for further investigation of its potential for use in
aSMRs.

Table 2 Comparison of Grashof numbers of water and CO, divided by characteristic length cubed, assuming AT of 10 K [11].

Parameter Units CO, Water
Bulk Temperature | K 300 300
Pressure MPa 4.69 7.69
B 1/K 0.039 0.00037
p kg/m? 275.6 996.7
K Pa-s 2.21e-5 6.94e-4
Gr/ 3 5.9e14 7.5e10
Lc

1.3 Report Content
This report serves to document the reasons that Sandia National Laboratories funded this LDRD project
and reviews the work completed. It also outlines the results and conclusions drawn from this work. The
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report is divided into five sections. Section 1 is the introduction and background, which provides the
motivation for this work and some background information to help the reader understand the work.
Section 2 provides a description of the experimental apparatus, including the two different configurations
and why they were used, as well as the major components required to build and operate the apparatus.
Section 3 describes the experiments that were performed and presents the results as well as the analysis of
these results. Section 4 describes the computational fluid dynamics (CFD) models that were developed for
prediction of the results and for scaling of this type of experiment to larger sizes. Section 5 provides
conclusions and further work that is needed.
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2 DESCRIPTION OF EXPERIMENTAL APPARATUS

This section of the report describes the physical setup of the experimental sCO, natural circulation loop.
There are two subsections in this section because the loop was operated in two different configurations.

In the first configuration, the CO, was heated via a water-to- CO, heat exchanger and cooled with an
Xchanger CO,-to-air heat exchanger.

In the second configuration, the CO, was heated via an induction heater and cooled via a single-pass tube
and shell (or concentric tube) CO,-to-water heat exchanger.

2.1 Water-Heated, Air-Cooled Natural Circulation sCO2 Loop

In the first operational configuration of the sCO, natural circulation loop, a Keltech Acutemp 50 kW
heater was used to heat water. The water was then passed through the shell side of a Sentry spiral heat
exchanger. The sCO, was then cooled via an Xchanger CO,-to-air heat exchanger. Figure 10 is a picture
of the water heater. Figure 11 is a picture of the spiral heat water-to-CO, exchanger. Figure 12 is a picture
of the CO,-to-air heat exchanger. The loop utilized 1” OD Swagelok tubing with a 0.095” wall thickness.
After the CO, passed through either of the heat exchangers, it passed through a Micromotion F Series
Coriolis Flow and Density meter. There were also thermocouples before and after each heat exchanger to
measure temperature and pressure of the CO,. A MarwinValve 3000 Series adjustable valve was installed
on the cold leg that could be used to increase flow restriction. Figure 13 is a schematic of the loop in this
configuration.

This configuration was used principally to demonstrate that sCO, could be operated in a controlled, dry-
cooled natural circulation loop. Prior to this LDRD project, there were no documented cases of this
occurring.
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Figure 10 Keltech Acute mp heater used to heat the water, which was then used to heat the CO, in the sCO, natural
circulation loop.
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Figure 11 Sentry spiral heat exchanger used to transfer heat from the water to the CO,

Figure 12 Keltech Xchanger CO, -to-air heat exchanger used in sCO, loop.
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Figure 13 Diagram of the air-cooled, natural circulation sCO2 loop at Sandia National Laboratories.
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2.2 Induction-Heated, Water-Cooled Natural Circulation sCO2 Loop

In the second operational configuration of Sandia’s sCO, natural circulation loop, a Miller ProHeat 35
Liquid Cooled Induction Heating System was used to heat the CO,. A concentric tube CO,-to-water heat
exchanger was designed and connected to in-house plumbing to cool the CO,. Figure 14 is a schematic of
the loop in this configuration. Table 3 documents the different components of the loop in this
configuration.

This configuration was designed and implemented after demonstration of controlled, air-cooled, natural
circulation of sCO, was established. The reason for this was to have the means of measuring wall
temperatures of the tubes carrying the CO, so that engineering parameters such as Nusselt number,
Grashof number, and Rayleigh number could be verified. However, some difficulties were encountered
and the results that were obtained are preliminary at this point.
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Figure 14 Diagram of the induction-heated, water-cooled, natural circulation sCO2 loop at Sandia National Laboratories.
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Table 3 Parts list for induction-heated, water-cooled natural circulation loop at Sandia National Laboratories.

Water Cooling System = max flow rate of 150 gpm

Part Pressure Rating | Temp Rating
1. 3” Schedule 80 PVC 370 psi @ 73°F
148 psi @ 160°F
2. GF Type 317 Valve (bypass valve) 150 psi @ 73°F
3. 2” Schedule 80 PVC 400 psi @ 73°F
4, GF Type 546 Ball Valve 150 psi @73°F
5. GPI Flow Meter w/remote mounted electronics 300 psi @70°F
6. 2” Copper Type L Tube 315 psi Up to 150°F
7. 2” Schedule 40 Stainless Steel Pipe 1902 psi @ 100°F
1474 psi @ 300°F
1355 psi @ 400°F
8. SS-RL4MS8F8 Proportional Relief Valve (PRV) Set @ 125 psi Up to 300°F
9. Solenoid Valve (1/2 inch) 250 psi -40 to 220°F
CO, Loop
Part Pressure Rating | Temp Rating
10. | 1” Swagelok SS Tube 0.095 wall thickness 3600 psi Up to 100°F
Swagelok Tube Fittings are rated to the working 3600 psi @ 200°F
pressure of the tubing. 3456 psi @ 400°F
3060 psi @ 600°F
11. | SS-AFSS8 Swagelok valve (Loop Isolation) 6000 psi @ 250°F
12. | SS-AFSS16 Swagelok valve (Loop Isolation) 4653 psi @ 250°F
13. | SS-42GS4 Swagelok valve (vent to outside) 2500 psi @ 300°F
14. | SS-43GS4 Swagelok valve 2500 psi @ 300°F
15. | SS-43GM4-S4 Swagelok valve (At the regulator) 2500 psi @ 300°F
16. | Quadrant Series S6-SS Valve 6000 psi @ 100°F
4500 psi @ 250°F
3000 psi @ 400°F
17. | Micro Motion F-Series Coriolis Flow and Density Meters | 3600 psi @ 100°F
3095 psi @ 200°F
2795 psi @ 300°F
2570 psi @ 400°F
18. | Honeywell Pressure Transducers 3000 psi 185°F (on pigtail
standoff)
19. | Conax RTD Upto 1122°F
Omega Type K Thermocouples (TCs) 2282°F
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20. | Zook Rupture Disks 2500 psi @ 73°F (on standoff)
21. | Kobold Differential Pressure Transmitters 4499 psi -40 to 248°F
-40 to 176°F (ambient)
22. | Swagelok tube for venting 3700 psi -20°F to 100°F
Swagelok flex hose (for filling and venting) 3100 psi -325°F to 850°F
Could be PFA tube vent line (-320 to 500°F, 4700 psi) 4700 pSI -320°F to 500°F
23. | Haskel Fill Pump (2250 psi up to 250°F) 2250 psi @ 250°F
24, Flexible Tear-Resistant Silicone Foam Pipe Insulation -100°F to 500°F
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3 Experiments performed

3.1 Air-cooled configuration

Multiple experiments were performed in the air-cooled configuration (see Section 2.1). This section
reviews these experiments. Prior to October 16", 2014, some short tests were performed. These original
tests were conducted primarily as shakedown tests.

Leak-testing and control/data acquisition verification were performed over a period of months during the
summer of 2014. Engineered safety concepts were implemented during construction and shakedown
testing. After all control and safety concerns were addressed, testing began in October, 2014.

3.1.1 Boundary Tests Conducted on October 16, 2014

On October 16", 2014, the water-heated, air-cooled configuration was operated to determine the general
values that could be expected during any given operation. The idea behind this test was to allow the
operators to understand the general parameters that could be expected when operating the loop. The loop
was operated for nearly five hours. During most of the test, the CO, was in the 2-phase regime.

Although for much of the test, the temperature difference between the hot leg and cold leg was
approximately constant, the mass flow rate decreased during this time. No leaks were found in the system.
It is believed that the measured mass flow decrease is due to the inability of the Micromotion flow meter
to measure flow rate correctly in the 2-phase regime. This was not considered a major setback since the
purpose of this particular project was to investigate CO, in the supercritical state. Further work will be
completed in this regime.

3.1.2 Startup from 2-Phase Testing on November 4t, 2014

On November 4™, 2014, the loop was started with the CO, in the two-phase regime. While operating the
loop, the measured flow rate was negative for part of the time and even when it was positive, the flow rate
was very low. The temperature was also higher at the point where the CO, should have been leaving the
cooler instead of where it should have been entering the cooler. The only reasonable explanation for these
observations is that the CO, was circulating in the opposite direction from what was expected. This is
conceivable because the water-to-CO, heat exchanger was positioned in such a way that the CO, could
flow out of the heat exchanger in either direction. Figure 16 shows the CO, temperature entering the
cooler and leaving the cooler, as well as the measured mass flow rate. Also included is a first-order
approximation of the heat rate, assuming a constant specific heat capacity through the air cooler. Note that
for much of the first portion of the experiment, the “Cooler Out” temperature is greater than the “Cooler
In” temperature. Initially, it was thought that restricting flow to the cold leg before startup by partially
closing the MarwinValve might cause flow to initiate in the preferred direction. However, this did not
prove to be the case. Heat to the loop was suspended after about an hour and a half. The loop was
monitored to ensure that no safety issues occurred.
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Figure 15 Mass flow rate and temperatures observed in first test after shakedown.
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Figure 16 Results from starting up from 2-phase regime. The negative values of flow rate indicate reverse flow. The heat rate
assumes constant C, and is not reliable for this regime.
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3.1.3 Startup from 2-Phase Testing on November 5th, 2014

On November 5", 2014, the experimental team again started the loop while the CO, was in a two-phase
state. This time, the fan on the cooler was turned on high before the loop was heated. The rationale behind
this methodology was to create a cold slug of water at the top of the leg that is identified as the cold leg.
This approach worked well and no evidence of reverse flow was identified.

After the initial startup phase, mass was added in step increases while maintaining a relatively constant
hot leg temperature. This addition of mass was performed so that the response of the system could be
monitored and also to gain information to validate the model that was used to estimate temperature and
pressure for a given mass loading. As can be seen from Figure 17, the mass flow rate and the cold leg
temperature increased with each mass increase (from about 3000 second to about 10000 seconds).

Just after 10000 seconds, the fan power was increased, thereby cooling the cold leg of the CO, and
increasing the mass flow rate again (Figure 17, from ~10000 seconds to about 12000 seconds). Although
the CO, was cooled, at no point during this transient did the temperature drop below the critical
temperature (304.1 K). However, both the cold leg and the hot leg were very near the critical temperature,
where the density of CO, varies drastically with only a small change in temperature. Thus, the mass flow
rate increased in this region. Figure 20 is a plot of temperature versus density for CO,. Isobars and
pseudocritical points are shown to show how density can change very rapidly with a small change in
temperature near the critical point, but may change very slowly with temperature as the CO; is heated to a
state far from the critical point.

At about 18000 seconds, the CO, had cooled to the point that step increases in power could be performed
while maintaining the cold leg temperature at a relatively constant value. As can be seen from Figure 17,
this had little effect on the mass flow rate. The reason for this can be seen from Figure 17 and 20.
Although the hot leg temperature was increased, the density change was minimal. Figure 19 plots the
pressures for this experiment. The pressure change between about 18000 seconds and 26000 seconds is
from about 7600 kPa to about 8800 kPa.
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Figure 17 Plot of mass flow rate, hot let temperature, and cold leg temperature for experiment run on November 5th, 2014.
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Figure 18 Temperature-density diagram for CO,. The density changes rapidly with temperature near the critical point.
However, further from the critical point, this is not the case. The red lines show a hypothetical change from 329 K to 309 K,
with a corresponding.
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Figure 19 Temperature and pressure for the hot leg on November 5th, 2014.

3.1.4 Step Increases in Heating Power on January 16t, 2015

Due to the results from the November 5™ experiment, another experiment was planned to verify that large
increases in heat rate may not be accompanied by a correspondingly large increase in mass flow rate. On
January 16", 2015, this experiment was performed. The cold leg temperature was held relatively constant
near the critical temperature by varying cooler fan speed. Hot leg temperature was increased in steps and
allowed to reach steady state before being increased again. Hot leg temperature was varied in five steps
from about 310 K to about 330 K. Figure 22 shows the results of the experiment.

Figure 21 marks the changes in temperature and pressure on a temperature-density diagram of CO,. From
about 6000 seconds to about 8500 seconds, the cold leg temperature dropped into the liquid state (below
the critical temperature but above the critical pressure). This caused a large change in density for the cold
leg, increasing the mass flow rate. However, from about 8500 second to about 13500 seconds, the cold
leg was a liquid and ranged from about 300 K to about 303 K. The hot leg ranged in temperature from
about 309 K to about 329 K, and in pressure from about 7800 kPa to about 8800 kPa. Thus, the hot leg
density and cold leg density both change by about the same amount during this trial. As would be
expected, the mass flow rate did not vary significantly.
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Figure 20 Results of January 16th, 2015 experiment to assess mass flow rate as a function of hot leg temperature change.

Although the hot leg temperature changed by ~30 K, the mass flow rate changed very little due to the changes in hot leg and
cold leg densities
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Figure 21 Temperature-density diagram for CO,. The density changes rapidly with temperature near the critical point.
However, further from the critical point, this is not the case. The red and blue lines show the regions within which the hot
and cold legs of the natural circulation loop varied during step increases of power with on January 16”', 2015.
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3.2 Induction-heated, water-cooled configuration

After the experiments in Section 3.1 were completed, focus shifted to gaining more basic scientific results
as opposed to engineering and controls. The successful experiments in the water-heated, air-cooled
configuration demonstrated that sSCO, could be controlled and that the heat could be rejected by using air.
The next step was to begin developing detailed information regarding heat transfer rates and flow
characteristics. This information can then be combined with Computational Fluid Dynamics (CFD) codes
and analysis of dimensionless numbers such as Nusselt number, Grashof number, Prandtl number, and
Rayleigh number in order to make scaling calculations for real-world systems. In order to do this, a
simpler design was needed.

Therefore, a Miller ProHeat 35 Liquid Cooled Induction Heating System was purchased. The maximum
heating power of the Miller heating system is 50 kW. However, the actual heating power produced is
dependent upon the strength of the magnetic field that can be induced in the metal. Finding a tubing that
was the correct size and could safely operate in the sCO, environment while having a high enough
magnetic inductance to ensure a large induced electric current is possible. However, this tubing is
expensive and would require pressure testing beyond what was already performed for the loop that was in
place. This would take more time than was available before funding ran out. Therefore, it was determined
that utilizing the 1” OD Swagelok tubing that was already in place was the preferable option, even though
it would limit the immediate tests to a maximum of 10-15kW. Two 20’ sticks of 410 Stainless Steel pipe
were ordered for future testing, but have not yet been installed.

Figure 22 is a conceptual design of the layout of the loop in this configuration. There are six
thermocouples measuring wall temperature on the “hot leg” side of the loop. TCO measures the wall
temperature just before the CO, enters the region covered by the induction heater. TC1, TC2, TC3, and
TC4 measure the wall temperature underneath the induction heater. TC5 measures the wall temperature
just after the CO, leaves the heated region. On the “cold leg” side, the bulk water temperature in the heat
exchanger is measured at five positions using resistance temperature detectors (RTDs). The CO, tube wall
temperature is also measured at five positions using thermocouples.

Shakedown testing was performed on July 22™, 2015. No problems were identified and experimentation
began on July 23", 2015.

Figure 23 shows the water-cooled induction heating cable after it was installed on the hot leg of the loop.
Figure 24 shows the CO,-to-water heat exchanger before it was installed and Figure 25 shows the CO,-to-
water heat exchanger after it was hung but before it was connected to the rest of the plumbing.

One other improvement that was delayed due to expediency was the use of RTDs to measure outside wall
temperature in the cooling region. Due to flow-induced vibrations, the uncertainty in these measurements
was expected to be high. An alternative method of measuring this temperature is to use fiber optic
sensors. This equipment was purchased but was delivered at too late a date to be installed and utilized in
this project. It is expected that the equipment will be installed in the next year and more accurate
measurements will be taken.
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Figure 22 Diagram of loop in the induction-heated, water-cooled configuration.

Figure 23 Water-cooled cable of the induction heater installed on hot leg of sCO, natural circulation loop.
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Figure 24 CO, -to-water heat exchanger. The CO, passes straight through the center tube. The cooling water enters one
flange and leaves the other.
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Figure 25 CO,-to-water heat exchanger.

3.2.1 Step Increases in Induction Heating Power on July 24t, 2015

This experiment focused on incrementally increasing the commanded power from the Miller ProHeat and
comparing this with the actual power observed. It also focuses on observing the transient and steady-state
behavior in mass flow rate due to these power increases. It was necessary to compare the commanded
power with the observed power due to the use of austenitic stainless steel tubing which has a very low
relative magnetic permeability, leading to a very low induced electrical current in the tubing. By
measuring the temperatures and pressures into and out of the heater and the cooler, the state of the CO,
could be determined. Using this and the measured mass flow rates, an energy balance could be used to
determine the actual heat that was transferred into or out of the CO,. Equation 4 was utilized for these
calculations.
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Q = me (Texit _Tinlet) (4)

Q s the net heat into the fluid (may be either positiveor negative).
m is the mass flow rate of the fluid.
¢, is the constant pressurespecific heat capacity .

T

exit

T

inlet

is the temperature of the fluid exiting the control volume.
is the temperature of the fluid entering the control volume.

Figure 26 shows the Power levels observed for the experiment.

The mass loading, cooling water flow of 40 gpm, and cooling water temperature were kept constant
through the run, with heating beginning around 640 seconds into the test. A commanded heat input of 2.6
kW to the Miller induction heater was supplied to initiate a flow of approximately 0.04 kg/s, as well as to
increase the system pressure to just below the critical pressure of 1074 psi. The following three steps in
power, to 4, 6.5, and 7.3 kW, show very similar trends in mass flow rate, pressure, and temperature. There
is very little delay in transients between the hot- and cold-side of the loop due to its small size and thermal
mass; however the steadying time for the cold-side of the loop is delayed by approximately 60 seconds
from the hot-side due to the thermal mass of the water cooler.

Temperatures, pressures, mass flow, and heat transfer rates were very steady for each power level, with
most showing an expected, almost logarithmic increase. However the mass flow rate displayed an
interesting overshoot peak with each increase in power. This flow is driven under natural circulation by
the difference in densities between the hot- and cold-sides of the loop; however, the overshoot is not
reflected in the bulk temperature measurements. The overshoot then is likely caused by the transiently-
increased hot-side wall temperature due to the fast response of the induction heater. This is
understandable since the heating in the tube is not necessarily from outside in, due to the induction
process.

Figure 27 shows the various temperatures pressures and heating rates observed in this experiment.
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Figure 26 Power cascade for trial run on July 24“‘, 2015. The power levels observed in the heated section (red circles) and the
cooled section (blue circles) were consistently less than the power commanded from the induction heater (black squares).
This was expected because the tubing being heated was austenitic stainless steel, which has a very low magnetic
permeability, resulting in very low induced electrical current. The green dots represent the instantaneous power reported by
the induction heater.
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Figure 27 Temperatures, pressures, heating rates, and mass flow rate observed during step increases in induction power on
July 24th, 2015. The overshoot in mass flow rate is thought to be caused by the transiently-increased hot-side wall
temperature.
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Figure 28 shows the measured wall temperatures at locations TC1-TC4 (Figure 22) as well as the
CALCULATED bulk temperatures at those locations. Neither the wall temperatures nor the bulk
temperatures show the overshoot that was observed in the mass flow rate (Figure 27). The calculated bulk
temperatures show about an 80 K drop from the measured wall temperatures.

SCO2 Tall Loop Hot-Leg Temps vs. Time
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Figure 28 Measured wall temperatures (red) and calculated bulk temperatures (blue) in the heated region of the loop during
step increases in induction heater commanded power on July 24"', 2015.

The trends in cold-side calculated bulk temperature show a nearly identical trend to the hot-side
calculated and measured temperatures. The measured water temperatures and CO, tube outer wall surface
temperatures are nearly identical, and trend upward over the course of the test a few degrees with ambient
daily temperature changes. The close match between the measured wall and water bulk temperatures was
expected due to the uncertain contact between wall temperature RTDs and the tube surface, as well as the
stem effect on the RTDs passing through the cooling water stream extracting heat from the measuring tip.
Future modifications to the loop should include insulation of these RTDs or alternative methods of sCO,
bulk temperature measurements. Figure 29 shows the cold-side calculated bulk CO, temperatures,
measured bulk water temperatures, and measured wall temperatures.
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Figure 29 Cold-side measured wall temperatures (Tw1-Tw5), measured bulk water temperature (Tbw1-Tbw5), and calculated
bulk CO, temperature (Tb at Tw1-Tb at Tw5).

More experiments and analysis are needed to fully understand the scaling factors that are needed for this
type of loop.
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4 Computational fluid dynamics (CFD) models

Both RELAPS [15] and Fuego [16] were used to model the water-heated, air-cooled sCO, natural
circulation loop because each provided a unique niche in terms of their computational ability, and tended
to fill each other’s gaps. In particular, the following are noted,

* RELAPS5 advantages:
o 2-phase flow
o Strong validation and verification history
o Built-in CO, properties
o Fast
* RELAPS5 disadvantages:
o 1D momentum, mass, and energy transfer
o Intended for large systems, therefore limited output
o No explicit turbulence models
* Fuego advantages:
o 3D momentum, mass, and energy transfer
o Excellent turbulence and buoyancy models
o Intended primarily for subsystems, therefore detailed output

o Natural circulation has significant validation and verification (V&V), though not as much
as RELAPS

» Fuego disadvantages:
o 1-phase flow, which can be extended to “1.5”-phase flow
o No physical properties; can use tables to overcome this, or can use Cantera

o Slow, but can use massively parallel systems (1,000s to millions of processors)
4.1 Relap5 Model of the sCO2 Natural Circulation Loop

The RELAP5 model considered 1D momentum, mass, and energy transfer. On the other hand, it
computed two-phase flow in the form of liquid and gas, as well as the interfacial drag between the two.
The code included CO, at the liquid, gas, and supercritical regimes. It was confirmed that the RELAP5
properties agreed with the fluid properties from NIST. Input line “1” (development model control) was
used with flag 11, to enable the linear, rather than cubic, interpolation for the calculation of CO,
properties near the supercritical point [15]; this flag is intended to make the code more robust.

The modeled system was under natural circulation as the heater lowered the fluid density, while the
cooler increased the density, resulting in net flow of CO,. The input model consisted of four pipes that
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were connected by four single junction (singljun) connectors; see Figure 30. The singljun connectors
included bend losses (K-factors) of 0.2, which were based on standard loses found in a standard fluid-loss
handbook [17]. No additional losses were required to compare favorably with the experimental data as
will be shown later.

The input model included two stainless-steel heat structures (HS) that were connected hydraulically on
one side to the piping, and to the heat exchanger/cooler on the other side. In particular, the top HS
modeled the cooler, and included a temperature vs. time table for the heater response. In the same fashion,
the bottom HS modeled the heater, with another temperature vs. time table. Both tables were obtained
from the experimental data, and set in a format that was readable by RELAP5. The experimental
temperature history is shown in Figure 31. Note that from 0 to 4800 seconds, the cooler temperature was
slightly hotter than the heater temperature. This was due to a calibration issue, but did not have an impact
on the mass flow rate experimental data because the fluid velocity was nearly zero. However, near the
supercritical point, small changes in pressure (and temperature) will have significant changes in density.
Therefore, the first 4800 seconds for the experimental density are not considered reliable. The
experimental data also indicates that from 13500 to 16400 seconds, the fluid adjacent to the heater started
dropping, while the cooler temperature remained rather flat. This indicates that the mass flow rate should
start decaying in response to the ever-smaller driver temperature difference, though the experimental data
showed a rather flat mass flow rate up until about 16400 seconds. By that time, the cooler and heater had
nearly identical temperature, so the mass flow rate should decay very rapidly beyond that point, as shown
in the experimental data.

In order to calculate the correct heat transfer across the HS, effective heater dimensions (thickness, length,
nodes, etc.) were chosen based on the estimation of heat transfer across the pipe-HS interface. This was
based on the net heat flux across the lumped heater that was imposed (driven) by the temperature table.
This established a uniquely-specified resistance across the HS, and once the heater dimensions were
selected for the model, the code used the same values throughout the 18417 seconds of transient data. The
HS had 20 nodes, with an effective thickness of 0.025 m.

The top and bottom pipes consisted of 10 volumes each with a segmental length of 0.259 m, while the
two vertical pipes each had 20 volumes, each with a segmental length of 0.254 m. All pipes had a
roughness of 1.5x10°° m, which was relatively smooth. All segments had a hydraulic diameter of 0.0206
m.

All fluid velocities were initially set to zero, and the code was allowed to calculate the fluid velocity,
density, and other primitive variables based on the temperature-vs-time forcing function from the
experimental temperature data. The calculations were found to be temporally converged with a minimum
and maximum time steps of 1x10® and 1x10° seconds, respectively. However, reasonably-converged
faster results can be obtained with minimum and maximum time steps of 1x10° and 1x10 seconds. The
implicit flag of 3 and 11 were found adequate for the calculations. Selection of minor edit variables was
found ideal for comparison with the experimental data formatted into Matlab.
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Figure 30 Schematic of RELAP5 SCO, Tall Loop Model.
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Figure 31 Experimental Temperature Data.

Figure 32 shows a comparison between the experimental mass flow rate experimental data and the
RELAPS output. It is noted here that from 0 to 15,000 seconds, most of the RELAP5 output was in
excellent comparison with the experimental data, typically within 10% or less. For times greater than
15,000 seconds, the RELAP5S output decayed significantly faster than the measured values, primarily
caused by instability in its density calculations; the RELAP5 output showed a steep rise in density (see
Figure 35), which was likely precipitated by the steep heater temperature drop that occurred at about the
same time in the experiment. This can probably be alleviated by decreasing the computational time step
by a factor of 10 to 100, but was not done due to time constraints and because the transient was almost
completed by that time. RELAP5S predicted the flow regime was two-phase, primarily in the bubbly
(BBY) regime from 0 to 5,300 seconds, and thereafter was in the mist pre-CHF (critical heat flux) (MPR)
regime for the duration of the simulation.

The RELAPS5 density typically compared within 5% of the experimental data. The biggest discrepancy
occurred at about 6,000 seconds, with about 12% error. That time period was also characterized by a
sharp increase in heater temperature, followed by a fast overshoot in temperature. Again, this comparison
could likely be improved by decreasing the time step, as discussed previously. It is very interesting that
the sharp density magnitude oscillation experienced by RELAP5 was also shown in the experimental
data, though within a much faster time period.
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Figure 32 Experimental Data vs. RELAP5S output: Mass Flow Rate.
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Figure 33 Experimental Data vs. RELAP5S output: Density.

4.2 FUEGO Model of the sCOz Natural Circulation Loop

The Fuego model considered 3D momentum, mass, and energy transfer. On the other hand, its material
properties assumed the fluid was always at or above the supercritical point. However, Fuego can be
“tricked” into modeling a two-phase fluid by inputting phase-averaged properties. The fluid properties
were based on SCO, data from NIST. Fuego used the Boussinesq buoyancy model, and the large eddy
simulation (LES) turbulence model. The entire piping geometry was modeled as shown in Figure 34, as
well as a fast-running model that only included ¥ of the geometry. The heat exchangers were modeled
with cooler/heater surface boundary conditions (BCs), with the top and bottom surfaces acting as BCs.
Various meshes were constructed with 1.56, 3.11, and 6.27 million hex elements, thereby providing
sufficient spatial convergence and good mesh metrics. A mesh segment is shown in Figure 35.
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Figure 35 Mesh Segment for Fuego Pipe.

Figure 36 shows the temperature distribution in a pipe bend while the fluid is approaching its steady-state
behavior, 10.7 seconds into the transient. The turbulent nature of the fluid can be observed in the vertical
coherent structures captured by the LES turbulence model. The calculation revealed that the fluid traveled
in clusters of fairly uniform temperature, but had wide temperature variations. This shows the importance
of turbulence in the fluid; a high degree of turbulence will allow it to have more uniform temperature
distribution, with improved heat transfer. The same issue is reflected in Figure 37, which shows the fluid
distribution along a bend that has fully-developed flow. Of course, because the fluid is turbulent, it can
never reach steady-state in the full sense of “no change with respect to time”. That is, so long as the fluid
is turbulent, there will be velocity fluctuations throughout the piping as a function of time. Steady-state
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values can be obtained by performing time-averaging, if so desired. Figure 37 also shows large radial
velocity gradients within the SCO,.

It is noteworthy that having detailed, 2-phase/3D CFD output allows for a better-understanding of the
SCO, behavior, how to efficiently scale SCO, systems, and provides an increased ability to transfer heat
and momentum more efficiently, as will be shown in the next section.
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Figure 36 Temperature Distribution in a Pipe Bend as the Fluid Approaches Steady-State.
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Figure 37 Velocity Distribution in a Pipe Bend.

Scaling, Increased System Efficiency, and Dimensionless Parameters

By considering key dimensionless parameters involved in natural circulation, important fluid dynamics
and heat transfer characteristics can be gleaned, which provide enormous guidance for scaling the system,
as well as making it more efficient. For example, the calculated convective heat transfer coefficient
(HTC) is shown in Figure 40. For illustration purposes, the HTC is shown for the region near the cooler.
Defining the Nusselt number (Nu),

Nu =? (5)

h= convective heat transfer coefficient (HTC)
X=characteristic length (pipe diameter)
K=fluid thermal conductivity

Nu can therefore be calculated from the CFD calculation, the pipe diameter, and the fluid thermal
conductivity; its magnitude is shown in Figure 38. It is noted here that the fluid properties were calculated
by RELAPS5 as volume-cell averages; ideally, the film temperature could be used, as many heat transfer
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correlations were developed using film temperature properties. Note also that the characteristic length was
chosen as the pipe diameter D for this system; for flat plates, the plate height is the characteristic
dimension. Figure 38 shows laminar (dash blue line with open circles) and turbulent (dash-dot red line
with closed circles) correlations for natural circulation, respectively. The figure shows the desirable
impact of turbulence, as a higher Nu will result in higher convective heat transfer. The calculations
showed that the SCO, fluid quickly became turbulent, which is clearly a desirable design feature for this
system. Additional natural circulation turbulence and therefore enhanced heat transfer can be attained by
using mixing plates and swirl vanes [18, 19].

The laminar Nu was calculated from [20, 21], as follows,
Nuyg,, = 0.6 (GrPr)%25 (6)

The turbulent Nu was computed as the average of two correlations [20],

Nutyyyp = 0.021 (GrPr)?/5 (7a)
Ny, = 0.1 (GrPr)Y/3 (7b)
Where
3
Gr = Grashof number = B gﬁ:x (8)
v =/p=fluid kinematic viscosity
p=fluid density
p=Ffluid dynamic viscosity
g=gravitational constant
AT=wall fluid temperature gradient
X=pipe diameter=D
— Gk
Pr = p 9
C,= heat capacity at constant pressure
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Calculated Convective Heat Transfer Coefficient
1500 a a ! ! a
X
“-E- H H H H H
| S SN (S ———
= : ; ! ! :
e : : : : :
o
Q
Ko
w
o
©
l_ ] 1 1 1 1
S0Yo] AV O S SO S W
T : : i i :
=
[ o
o
Q
0 | | | | |
06 0.8 1 1.2 14 16
Time, s X 104

Figure 38 Convective Heat Transfer Coefficient.

The Grashof number (Gr) and Prandtl number (Pr) can be obtained from the calculated properties, and are
shown in Figure 39 and 43, respectively. Both Gr and Pr form the basis for natural circulation heat
transfer. In fact, they are directly derivable from momentum and energy conservation [20].
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Calculated Nusselt Number
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Figure 39 Nu vs. time.
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Figure 40 Gr vs. time.

Finally, the product of Gr and Pr is used to obtain the Rayleigh number, which provides an indication of
fluid laminarity or turbulence,
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Ra=GrPr (10)

Ra is shown in Figure 42. For a vertical plate, GrPr < 10° implies laminar natural circulation; GrPr > 10°
implies turbulent natural circulation [20]. Thus, the fluid is fully turbulent, except near the experiment-
initiation time and near its termination point. Therefore, with regards to scaling, it must be conducted
such that the fluid boundary layer grows non-linearly in a turbulent, parabolic distribution. Further, once
the piping is full of boundary layer, additional loop height will not result in additional heat transfer. Thus,
the system is clearly optimizable and can be scaled appropriately under these constraints.

Calculated Prandtl Number

Figure 41 Pr vs. time.

By using Equations 5, 7B, 8, and 9,

h BgATx® Cuu\Y3  (BgaT Cpu\1/3
Nitgypy == = 0.1 (GrPr)t/3 = (RS20 T (SRR Ty (11a)
BgCpp?k?AT 1/3
heury = (F2222) T # heurn (9 (11b)
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Therefore, for fully-turbulent natural circulation, HTC is not a function of x, and scaling about X is

therefore trivial. The same type of argument can be made for AT, but with the following conclusion.

hturb ~ AT'/3

x10° Calculated Rayleigh Number
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Figure 42 Ra vs. time.
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5 Conclusions

5.1 Conclusions from LDRD Project

This LDRD project demonstrated that sCO, can be utilized for purposes that benefit from natural
circulation potential and from dry heat rejection. Repeated operation of an air-cooled, naturally
circulating sCO; loop in a laboratory environment showed that, at least on the laboratory scale, sCO, can
be utilized to transfer heat from one source to the surrounding air with not significant control problems.

For the purpose of utilizing sCO, as the working fluid in a decay heat removal system for nuclear power,
no obvious barriers were observed. The sCO, was easily controlled from a stationary starting state,
especially when the heated section was on a vertical portion of the loop.

Modeling of the loop was successful, even without knowing the specifics of the air cooler. The interior
design of the Xchanger air cooler was not available to be studied. However, the Relap5 and CFD model
reproduced the laboratory observations to within 10% for transient observations. The FUEGO model also
showed that the 3-dimensional effects of the flow can be modeled.

Utilizing the models and the data, dimensionless parameters could be estimated and show that scaling
predictions can be made. This is very important for the next phase of work that needs to be completed.

5.2 Future Considerations

This project laid the groundwork for the use of sCO, in natural circulation and dry heat rejection
scenarios. However, much work needs to be completed to enable this to be used in real-world situations.
Some projects that should be investigated include the following.

e Scaling analysis for real-world sizing — The ability to develop accurate CFD models shows that
natural circulation of sCO, does not have any anomalous characteristics that would prevent it
from being used in situations that can benefit from natural circulation. However, the tubing used
in this LDRD project was 1” OD tubing with a wall thickness of 0.095”. Thus the interior
diameter of the tube was only 0.81”. The maximum heating rate achieved thus far is on the order
of 15 kWth. To be utilized in the decay heat removal system for a 300 MWe SMR, the system
would need to be able to reliably transfer at least 70 MW of thermal energy to the atmosphere.
Thus, scaling analysis needs to be completed so that a more appropriately-sized demonstration
loop can be developed in the future. 3-D effects, such as convective currents in the loop, will
become more prominent in larger systems.

o Assessment of dry-heat rejection technology — Although this experiment demonstrated that dry
air can be used to cool the sCO,, the cooler being used was a forced-air cooler. This is possible in
aSMR systems; however, the design of a natural draft air cooler for such a decay heat removal
system would be ideal to ensure that the decay heat is removed in the event of Station Blackout
(SBO). This work may include materials research to determine the long-term effects of sCO, on
the materials as well as to determine the heat transfer coefficients for heat exchangers. A first step
in this work would be to perform a gap analysis on sCO,-to-air heat exchanger technology.
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Optimal control around the critical point and pseudocritical points — As can be seen in Figure 20,
the state of a supercritical fluid moves further away from the point of maximum specific heat
capacity as the fluid is heated. Thus, a decay heat removal system will gain the largest change in
density between the hot and cold legs when heat is added very near the critical point. However, a
heat sink could possibly gain some advantage by maintaining a state point near the pseudocritical
points because this minimized the temperature rise in the fluid for a given heat input. A control
strategy that could automate such a system may find uses in safety systems.
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